The oxidation of a pure pyrite by Thiobacilusfferrooxidans is not really a constant phenomenon; it must be considered to be more like a succession of different steps which need characterization. Electrochemical studies using a combination of a platinum electrode and a specific pyrite electrode (packed-ground-pyrite electrode) revealed four steps in the bioleaching process. Each step can be identified by the electrochemical behavior (redox potentials) of pyrite, which in turn can be related to chemical (leachate content), bacterial (growth), and physical (corrosion patterns) parameters of the leaching process. A comparison of the oxidation rates of iron and sulfur indicated the nonstoichiometric bacterial oxidation of a pure pyrite in which superficial phenomena, aqueous oxidation, and deep crystal dissolution are successively involved.
Since its discovery (5, 6) , the acidophilic iron-oxidizing bacterium Thiobacillus ferrooxidans has been used for the recovery of copper and uranium from low-grade ores in industrial heap, dump, and in situ leaching processes (26) and more recently in a pilot plant for gold extraction (11, 13) . Knowledge of the physiology, biochemistry, and genetic characteristics of the bacteria and of the leaching processes is growing (3, 10, 11) . Despite this interest and the important results presented in many articles, the mechanisms and processes involved in bioleaching are poorly understood. To increase knowledge on the subject, different fundamental studies of acidophilic iron-and sulfur-oxidizing bacteria, the nature of the bacterium-mineral (sulfide) interface, and the reactions occurring at the interface are required. Pyrite oxidation in the presence of T. ferrooxidans involves not only direct action by the bacterium but also chemical oxidation by ferric ions produced by the bacteria and released in the leachate (16, 23) .
The strictly chemical oxidation and electrochemical dissolution of pyrite have been discussed (18) (19) (20) , but only a few works have been done on observing a relationship between electrochemical properties and physical-chemical evolution during the bacterial leaching process (15) . Measurements of the redox potential of a ground-pyrite suspension during oxidation by T. ferrooxidans have been determined and provided information only on a global redox condition of the pulp (2) . The redox potential of pyrite was used to measure the chemical activity of bacteria and the oxidation rate of iron (17, 22) but only during very short incubation periods that do not correspond to complete leaching or weathering processes.
Moreover, the measurement of pyrite redox potential in those experiments was performed with a pyrite slab electrode that does not represent the diversity of pyrite grains and which consequently promoted the influence of only one major crystalline orientation. Crystalline orientation can strongly modify the resistivity and semiconductivity of pyrite (18) and, as a consequence, the activation energy of * Corresponding author.
oxidation. Thus, it seems important to take into account the diversity of a suspension of pyrite particles to establish a relationship between the electrochemical behavior and the chemical or physical transformation that occurs during the different steps of their oxidation by T. ferrooxidans.
The aim of this article is to describe more precisely the mechanisms of the bacterial oxidation of pyrite in relation to the content of the solution, bacterial growth, crystal corrosion, and measured redox potentials. For this purpose, experiments were performed in a pulp reactor equipped with a three-electrode open circuit, including an original pyritepacked electrode (21) used to take into account the cathodic and anodic reactions occurring at or near the pyrite surface.
MATERUILS AND METHODS
Experimental device. Studies of the relationship between the electrochemical behavior of pyrite and the different steps of its chemical and physical evolution during bacterial oxidation were performed by using a reactor equipped with a platinum electrode and a special pyrite electrode.
Reactor. The reactor consisted of a Wheaton Pyrexjacketed device, in which the temperature was maintained at 30°C by circulating water (Fig. 1) . The vessel was open to the atmosphere. A special, original Teflon turbine was used to stir and oxygenate the medium efficiently.
Electrodes. The open-circuit potentials of the platinum electrode and pyrite bed electrode were measured versus a saturated calomel electrode (Fig. 1) .
The platinum electrode (Ingold) had a special design to accept an external reference.
The pyrite electrode ( Fig. 1 ) was made of a polyamide woven bag (pore size, 20 ,um) which contained 1 g of pyrite grains (ca. 106 grains of the 53-to 80-,um fraction) packed around a platinum wire (Tacussel Ptl). The bag was closed by heat sealing.
The reference electrode was a saturated calomel electrode (SCE Ingold reference), which was placed into a waterjacketed compartment, connected to the platinum electrode by a plastic tube (Fig. 1) Electronics. Both pyrite and platinum electrode potentials were simultaneously measured by two Eh-pH meters (Tacussel PHN 78 and MVIT-NUM) and recorded on a dual-pen recorder (Phillips PM 8222) (Fig. 1) . The potentials reported here were recalculated to standard hydrogen electrode (SHE) as a reference.
Sulfide. The pyrite, originating from a sedimentary deposit in Spain (Logrofio), had minor impurities (total, 0.4%) and should be considered from geological point of view as a natural pure pyrite. After dry grinding and wet sifting, the fraction (53 to 80 ,um) was selected and analyzed; Fe and S contents were 46.23 and 52.97% (wt/wt), respectively. Chemical and electron microprobe analysis (SX Cameca) revealed traces of arsenic (0.3%) and of Ti and Ni (0.1%). The voltametric studies (intensity-potential curves) of the electrochemical properties of the initial pyrite revealed a rest potential around 660 mV per SHE in the nutrient medium (Fig. 2) . The specific surface area (1.11 m2 g-1) was determined by a gas adsorption method using krypton as the adsorbate. Diffuse reflectance spectra of the mineral surface were recorded on a Fourier Transform Infrared Spectrophotometer (Bruker IFS 88) equipped with a mercury-cadmiumtelluride detector in association with a diffuse reflectance attachment (Harrick Corp.). This device allowed the inves- tigation of mineral surfaces and the organic species adsorbed on them (9, 25) .
Bacteria and nutrient medium. The chemolithotrophic, gram-negative acidophilic bacterium T. ferrooxidans was provided by the Deutsche Sammlung von Mikroorganismen (DSM 583). The nutrient medium, used throughout this study, contained the following (per liter of distilled water): KH2PO4, 0.4 g; MgSO4-7H20, 0.4 g; and (NH4)2SO4, 0.4 g. The pH was adjusted to 1.8 with 30 ml of H2SO4 (1 N) and the nutrient medium was sterilized at 120°C for 20 min. The medium was acidified to allow good bacterial growth without precipitation of iron oxyhydroxide species which occurs at a pH greater than 2.0. After being separately autoclaved in water (two times), sterilized pyrite was added to the medium to obtain a 2% weight pulp. The infrared spectra showed that the pyrite surface was not modified by autoclaving. The reactor was then inoculated with an actively growinf culture to produce an initial population of 107 bacteria ml-. Bacterial growth measurements were made by direct microscopic counting at x400 magnification with a Thoma cell (0.01-mm depth).
An inoculated reactor with thymol (2-isopropyl, 5-methyl, phenol CloH140) served as the control. The bacteriostatic properties of thymol are known, and its effect on the electrochemical properties of pyrite will be discussed later in this article.
Solution analysis. The iron(II) concentration was determined by a standard 2,2'-bipyridyl colorimetric method (Merck Reagents). The total iron and sulfur analyses were made by using inductive coupled plasma analysis (ICP Jobin Yvon JY 32) using an internal Sr-HCl standard (0.6% of matrix) which improved the precision of the measurements. Sampling in the reactor did not exceed 0.25% of the total volume, and the evaporation rate was taken into account for the calculation of the concentration.
Microscopy observations. Scanning electron microscopy (SEM) observations were carried out on a conventional F.B. Cambridge Stereoscan Microscope equipped with a Si-Li Princeton detector. Samples were collected in the reactor OXIDATION OF A PYRITE BY T. FERROOXIDANS 1177 and dried under an 02-free atmosphere to preserve the surface and the corrosion pits. Optical microscopy observations were made with a Nachet microscope (NS 400), equipped with a Nomarsky interferential contrast device. The high optical resolution permitted the simultaneous observation of the bacteria and corroded pyrite grains.
Comparison of the iron and sulfur oxidation rates. A derivative ratio of the oxidation rates of sulfur and iron was used to compare these data more accurately. This ratio (R.,)
is written in the following form: where t is the elapsed time and r is the regression coefficient.
The zero-order terms in each equation were in a good agreement with the initial concentrations of iron and sulfur species in the solution after pyrite addition and inoculation. After 30 days, the appearance of precipitates disturbed the calculation.
RESULTS
The changes in the redox potentials of the platinum and pyrite electrodes, the dissolution of iron and sulfur, and the SEM observation of corrosion patterns allowed the description of four main steps found during a bioleaching cycle.
Step I. The lag phase. Initially, ferric ions introduced with the inoculum were reduced (Fig. 3) . The open-circuit potential of the platinum electrode converged around the pyrite potential (Fig. 4a) . The open-circuit potential of pyrite decreased slightly and had a lower value than the previously defined rest potential in nutrient medium (Fig. 2) . At the end of this lag phase (5 days in the present experimental conditions), platinum and pyrite electrodes had the same potential (640 mV per SHE). Iron and sulfur solubilizations were very weak (Fig. 5) ; therefore, the calculation of the Ro. ratio was not performed (Fig. 6 ).
The number of bacteria present in the liquid medium decreased (Fig. 7) . Adsorption onto pyrite, which involved 90% of inoculated bacteria, began immediately after the inoculation, and the pH increased slightly (Fig. 7) . No corrosion was observed by SEM examination (Fig. 8a) . In the control treatment (with addition of thymol), except for iron(III) reduction (Fig. 3) , no detectable evolution was noted.
Step II. The start of the dissolution. At the beginning of the second step, the ferrous ions produced in step I were quickly and completely oxidized (Fig. 3) . After a small decrease of pyrite potential (1 day), both platinum and pyrite potentials increased simultaneously and exceeded the rest potential of pyrite (Fig. 4a) . The pyrite potential, which was slightly higher than that of platinum during this increasing step, reached a stable value, about 80 mV lower than the platinum electrode potential. The bioleaching process began, and the solubilization of iron and sulfur became significant (Fig. 5) . The R., value of 2.5 indicated a preferential solubilization of sulfur (Fig. 6) . The number of bacteria in the nutrient medium increased with the beginning of the exponential growth phase, and the pH began to decrease (Fig. 7) . Corrosion patterns, as in the previous step, were not detectable by SEM even at high magnification (x6,000) (Fig. 8b) .
In the control treatment, during this step and the following ones, only very little ferrous iron solubilization resulted from the chemical solubilization of pyrite in the nutrient medium (Fig. 3) . The potentials remained low ( Fig. 4c) and had a tendency to decrease slowly. The acidity was not greatly modified (results not reported), but the number of bacteria decreased (Fig. 7) .
Step III. The superficial attack. The third step was dominated by the high content of ferric ions in solution (Fig. 5) . The iron(II) concentration was very low (Fig. 3 ). An equilibrium between both potentials was reached around 80 mV (Fig. 4b ).
Iron and sulfur solubilizations increased strongly (Fig. 5) .
The Ro. ratio indicated that sulfur was always preferentially solubilized over iron (Fig. 6) ; however, the R., ratio decreased and became stoichiometric after 18 days (Rox = 2.01).
The increase in bacterial population in the nutrient medium corresponded to the last part of its exponential growth phase. The pH decreased constantly (Fig. 7) . The first patterns of corrosion (Fig. 8c) were evident from the appearance of some cracks (0.6 ,um wide).
In the control experiment, only a very small amount of ferrous iron was observed. In this treatment, both potentials showed similar decreases (Fig. 4c) . The bacteria were not detectable by the direct counting method.
Step IV. The deep attack. Progressively after 25 days, ferrous ions appeared again but always in a very low concentration in comparison to the ferric ions (Fig. 3) . The pyrite potential increased, and the platinum potential de- 
DISCUSSION
The experimental setup allowed us to measure simultaneously the redox potential of a pyrite electrode and a platinum electrode over the entire bioleaching cycle, which revealed more accurately the different steps of the biooxidation process in relation to the evolution of pyrite solution and mineral parameters.
In this work, the properties of the population of T. ferrooxidans could be modified during leaching despite inoculation of a pure strain and may have influenced the redox potential of the solution and that of the mineral. Nevertheless, it appears, in particular with voltametric studies, that electrochemical properties of pyrite are modified by bacterial oxidation. In addition, this modification can certainly be creased. After 30 to 40 days of bioleaching, the differences between the platinum and pyrite potentials were no more than 40 mV (Fig. 4b) .
Iron and sulfur were always strongly solubilized as ferric sulfate. The preferential iron dissolution was supported by the low Ro. value of less than 2 (Fig. 6) .
The bacterial population reached the stationary phase at the beginning of this step. The pH decreased strongly, reaching 1.3 after 45 days.
The SEM photographs showed hexagonal or square etched pits (internal diameter, about 2 ,um) which penetrated the mineral to varying depths (Fig. 8d) . The shape and the direction of the corrosion patterns seemed to be related to the cubic lattice of pyrite (16) .
At the end of the experiment, it was observed that corrosion patterns were the same for the mineral grains sampled in pulp and those in the electrode bag.
The bioleaching experiment was repeated three times, and very similar relationships between the measured parameters were observed. Only a small delay in the lag phase (less than 1 day) and a small variation in the amount of solubilized species (less than 10%) were observed. By using a pure, carefully ground pyrite, a pure strain, and a 400-ml reactor, the reproducibility of the experimental results was improved. The previously described delineation of the bioleaching cycle was always observed. 02 + 4H+ + 4e-*2H20 (3) Concurrently the ferric ion may be reduced to ferrous ion on the pyrite surface. Assuming that this process is controlled by the Fe(II)-Fe(III) couple, the stoichiometric equation has been postulated (12):
FeS2 + 8H20 + 14Fe3+ -* 15Fe2+ + 2SO42-+ 16H+ (4) The presence of an active T. ferrooxidans culture provokes and catalyzes the completion of a cyclic process by regenerating the ferric ions through the oxidation of ferrous ions.
The bacterial growth and oxidation of sulfide are inhibited in the control treatment by the presence of thymol. The bacteriostatic effect of thymol is well understood; however, thymol can also modify the electrochemical behavior of mineral particles. Figure 2 exhibits the electrochemical inhibition effect of this molecule: a pyrite treated with thymol is not electrochemically active. The diffuse reflectance spectra (Fig. 9) confirm the presence of an adsorbed species on a mineral surface. The infrared spectrum showed in Fig. 9 , spectrum a, indicates the methyl-stretching vibrations of the adsorbed thymol molecule that can be, in a first approximation, decomposed as follows: asymmetric 2,961 and symmetric 2,871 cm-' stretching vibration of the two methyl groups of the isopropyl radical; 2,927 and 2,871 cm-1 in phase symmetric CH3 stretch of the methyl group in a of the hydroxyl function in Fermi resonance with a CH3 deformation overtone. The surface coverage can be sufficient to saturate all of the reactive sites of pyrite grains and, thus, to inhibit bacterial nutrition.
Finally, the study of chemical, electrochemical, and bacterial processes involved in pyrite bioleaching has proven that the redox potential is controlled by the ferrous-ferric (Fe3+/Fe2+) ], where the standard potential Eo and the (RT/nF) value are well defined under standard conditions for a platinum electrode. In the case of a pyrite electrode (22) , differences were observed between the theoretical and the measured potentials, which can be explained by the existence of mixed potential, the influence of semiconducting properties, or the appearance and dissolution of some superficial species that were previously neglected (8); pyrite oxidation occurs through formation of several intermediate ions and surface products.
At this stage of study, it is not necessary to know the exact numerical expression of pyrite potential versus content of solubilized species. A qualitative observation of the variation of both redox potentials, assuming that they are controlled by the ferrous-ferric redox couple, is sufficient to describe the bioleaching process summarized in Table 1 .
In step I, the pyrite electrode potential, lower than the rest potential of pyrite, exhibits the reducing behavior of the sulfide. The convergence and the stability of both potentials prove that a the balance of ferrous and ferric species exists at the mineral-solution interface. On the pyrite surface, ferric ions and molecular oxygen are reduced. The anodic reaction may involve the sulfur species.
In the second step, both potentials increase rapidly by bacterial oxidation of soluble ferrous iron which is mainly responsible for the potential wave. During a short time period of bioleaching, the pyrite potential, slightly greater than the platinum potential, shows that the mineral surface is the main oxidation area. The ferric ions produced are diffused through the solution and are involved in the increase of redox solution potential. This step corresponds to a preferential oxidative solubilization of sulfur (Fig. 6 ) and increases in acidity and bacterial population (Fig. 7) . It should be noted that the potential of pyrite becomes greater than the redox potential of the rusticyanine (680 mV per SHE) (14) , which is considered to be the first electron acceptor of the T. ferrooxidans respiratory chain during iron oxidation. Yet, the pyrite becomes an electron donor and its bacterial oxidation is made easier. The nature of superficial species (like ferrous sulfate) produced during the bacterial oxidation of pyrite (8) could explain the incongruent oxidation of the pyrite (Fig. 6 ) and a certain degree of independence of iron and sulfur oxidations. Iron binding by the bacteria is too low to interfere with the measurement of iron content in the medium.
In the third step, the ferric ions present in a significant amount in solution can electrochemically oxidize the mineral (equation 4). The pyrite is attacked and its redox potential (Fig. 4) is lower than the platinum potential, which proves that the reductive behavior of the sulfide surface depends upon the interfacial iron(II)-iron(III) balance. Because of this aspect, the concentration of ferrous iron can be considered to be more important near the surface particles than in the solution where the iron oxidation rate increases. Thus, the difference between both potentials can be an indication of the intensity of the attack of pyrite and the ability of bacteria to regenerate ferric ions through the oxidation of ferrous ions.
In the last step, a progressive decrease of the difference between potentials of the pyrite and platinum electrodes is observed. The decrease of the platinum potential results from the formation, in the solution, of a detectable quantity of ferrous ions, which are not completely reoxidized by bacteria (Fig. 3) . On the other hand, the increase of the pyrite potential reveals the higher concentration of ferric ions close to the sulfide surface, which certainly results from a bacterial activity inside the corrosion pores (Fig. 8d) . Optical microscopic observation (Fig. 8e) inside the corrosion patterns attached on the pyrite surface. Considering the development of corrosion patterns, the oxidation area seems to be mainly localized at the bottom of corrosion tunnels. The nonconical shape of pores observed by SEM confirms that their cylindrical sides are not always chemically and bacterially reactive. Nonattacked surfaces of sulfide grains may be partly responsible for the appearance of ferrous ions, produced by another anodic reaction (equation 2), which is favored by the increase of acid strength. On the other hand, the strong acidity could also inhibit the bacterial activity but not the oxidation. Acidity certainly promotes surface attacks but does not seem to be directly involved in deep leaching.
The specific surface areas of pyrite before and after bioleaching were 1.1 m2 g-1 and 1.6 m2 g-1, respectively.
Bacterial oxidation created marked porosity and new surfaces in pyrite grains, and, as shown by the intensity potential curve of the leached pyrite, the abilities to produce an anodic current and to be oxidized were reduced by half (Fig. 2 ).
Pyrite oxidation is generally recognized as a complex phenomenon that includes oxidation and reduction processes and solid-solution equilibria involving several intermediate reactions and products (ions and solids products). In addition, the rate of oxidation depends on the semiconducting properties of sulfides (4, 7) . For the pyrite sample used in these studies, the presence of a very small amount of arsenic (0.3%) can generate an n-type semiconducting effect and create mineral defects, both of which can affect bacterial oxidation (4).
In conclusion, the use of a special pyrite-particle electrode makes it possible to distinguish the different steps of pyrite leaching and corrosion, or weathering by T. ferrooxidans, and also suggests the reactions involved in a ground-particle leaching device. (i) Step I and step II can be considered as evolution stages controlled by surperficial phenomena, where the oxidation of sulfide and sulfur is favored. (ii)
Step III is controlled essentially by the ferric ions produced in the leachate which can oxidize the mineral. (iii) Finally, step IV is a stage controlled by the crystalline structure; oxidation areas are localized inside the deep corrosion pores.
The integration of the overall electrochemical processes that occur on the pyrite surface shows the close relationship between both redox potentials (pyrite and leach solution) and the bacterial activity.
